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Summary
Four conserved amino acids of type IB topoisomer-
ases (Arg130, Lys167, Arg223, and His265 in vaccinia
topoisomerase) catalyze the attack by tyrosine on the
scissile phosphodiester to form a DNA-(3-phospho-
tyrosyl)-enzyme intermediate. The mechanism entails
general acid catalysis (by Lys167 and Arg130) and
transition-state stabilization (via contact of His265
with the pro-Sp oxygen). Here we query the function
of Arg223, which accelerates transesterification by a
factor of 105. The requirement for Arg223 is alleviated
by a neutral Sp methylphosphonate (MeP) linkage at
the cleavage site. Arg223 is not required for the
30,000-fold activation of the latent endonuclease ac-
tivity of topoisomerase by the Sp MeP. The rate of
autohydrolysis by the DNA-(3-MeP)-topoisomerase
intermediate approaches 10% of the rate of religation
to a 5-OH DNA strand. These findings underscore the
importance of transition-state electrostatics in deter-
mining the composition of the active site and dictat-
ing the balance between strand transferase and hy-
drolase functions.
Introduction
Type IB topoisomerases (TopIB) alter DNA topology by
cleaving and rejoining one strand of the DNA duplex
(Champoux, 2001). Cleavage occurs via a transesterifi-
cation reaction in which the scissile phosphodiester is
attacked by a tyrosine of the enzyme, resulting in the
formation of a DNA-(3#-phosphotyrosyl)-enzyme inter-
mediate and the expulsion of a 5#-OH DNA strand. In
the rejoining step, the DNA 5#-OH attacks the covalent
intermediate to expel the active-site tyrosine and re-
store the DNA phosphodiester backbone. Understand-
ing the catalytic mechanism of TopIB has been, and
remains, a high priority because: (1) TopIB is implicated
in virtually every DNA transaction in eukarya; (2) nuclear
TopIB is the target of anticancer drugs that exert their
cytotoxicity by perverting the cleavage-religation equi-
librium (Hsiang et al., 1985; Staker et al., 2002); (3) TopIB
enzymes and their close cousins, the tyrosine recombi-
nases, are distributed widely, especially in bacterial and
viral pathogens (Krogh and Shuman, 2002a), where they
present untapped targets for mechanism-based drug*Correspondence: s-shuman@ski.mskcc.orgdiscovery; and (4) studies of TopIB have been deeply
instructive regarding phosphoryl transfer chemistry and
enzyme evolution (Sekiguchi and Shuman, 1997; Shu-
man, 1998; Cheng et al., 1998; Krogh and Shuman, 2000;
Tian et al., 2003).
Vaccinia virus (vv) topoisomerase is a prototype of
the TopIB family. vvTopIB is distinguished by its speci-
ficity for DNA transesterification at a pentapyrimidine
target sequence 5#-(T/C)CCTTpY (Shuman and Pres-
cott, 1990). The TpY nucleotide is linked to Tyr274 of
the enzyme. The attack by tyrosine on the scissile
phosphodiester to form the covalent intermediate is
catalyzed by four amino acid side chains: Arg130,
Lys167, Arg223, and His265 (Petersen and Shuman,
1997; Wittschieben and Shuman, 1997; Cheng et al.,
1997). These residues, which are conserved in human
topoisomerase I and all other type IB topoisomerases,
are in direct contact with the scissile phosphate in crys-
tal structures of DNA bound human TopIB (Redinbo et
al., 1998, 2000).
Functional studies integrating enzyme mutagenesis,
transient-state kinetics, DNA-modification interference,
and DNA stereochemistry have contributed to a work-
ing model of the vvTopIB mechanism, which is summa-
rized as follows. Transesterification entails an SN2-type
displacement of the 5#-O leaving strand by the attack-
ing tyrosine nucleophile through a pentacoordinate
phosphorane transition state. The stereochemical con-
figuration of the scissile phosphorus is retained after
cleavage and religation (Stivers et al., 2000), implying
that the individual cleavage and religation reactions re-
sult in inversion of chirality at the scissile phosphorus.
The enzyme exploits both transition-state stabilization
and general acid catalysis to achieve an estimated 109–
1012 chemical rate enhancement (Stivers et al., 1994).
There is no requirement for, or participation of, a diva-
lent cation in the transesterification reactions. The indi-
vidual catalytic residues Arg130, Lys167, Arg223, and
His265 accelerate the chemical step by factors of 105,
104, 105, and 102, respectively (Petersen and Shuman,
1997; Wittschieben and Shuman, 1997; Cheng et al.,
1997). Lys167 and Arg130 comprise a proton relay that
catalyzes the expulsion of the 5#-O of the leaving DNA
strand (Krogh and Shuman, 2000, 2002b). His265 do-
nates a hydrogen bond to the nonbridging pro-Sp oxy-
gen of the scissile phosphodiester to stabilize the tran-
sition state (Stivers et al., 2000; Tian et al., 2003). The
role of Arg233 is undefined, except for the fact that it
is not involved directly in general acid catalysis (Krogh
and Shuman, 2000).
Previously, we used modified DNAs containing single
MeP linkages of known chirality to evaluate the contri-
butions of DNA backbone electrostatics and polar in-
teractions with individual nonbridging phosphate oxy-
gens to the DNA cleavage reaction of vvTopIB (Tian et al.,
2003, 2004). The MeP modification, illustrated in Figure 1,
eliminates the negative charge on the phosphodiester
and introduces relatively little added bulk. Several in-
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514Figure 1. Rate Constants for Transesterifica-
tion and Hydrolysis of Phosphodiester and
MeP DNAs
The structures of a standard phosphodiester
and the Sp and Rp MeP diastereomers are
illustrated. The methodology and results are
discussed in the text. New kinetic data for
the R223A and R223K mutants, and for the
reaction of WT topoisomerase with the Sp
MeP DNA, were derived from the experi-
ments in Figure 2 and are highlighted in
shaded boxes. Other kinetic data are from
Tian et al., 2003. nd, not determined.structive findings emerged from the effects of placing R
a MeP linkage at the scissile phosphodiester. First, the
TSp and Rp MeP diastereomers slowed the rate of DNA
Itransesterification by factors of 220 and 3600, respec-
Wtively, signifying that: (1) neither a −1 charge on the scis-
tsile phosphate nor a −2 charge on the transition state is
Wstrictly essential for cleavage; and (2) the pro-Rp and pro-
cSp oxygens are likely to interact with different amino
tacids on the topoisomerase. Second, “biochemical
gepistasis” experiments provided convincing evidence
tthat the His265 acts exclusively via contacts to the pro-
dSp oxygen of the scissile phosphodiester. Third, both
sMeP linkages unmasked a latent hydrolytic activity of
cvvTopIB, effectively converting TopIB into a nuclease.
cTo explain the 30,000-fold gain of hydrolytic function,
mwe proposed that hydrolysis is normally strongly sup-
lpressed by electrostatic repulsion of the nucleophilic
lwater and that neutralization of the negative charge by
vmethyl substitution removes this barrier to attack by
(water on the covalent intermediate (Tian et al., 2003).
tHere we extend the analysis of MeP effects on mu-
w
tated topoisomerases to probe the catalytic role of
t
Arg223. We report the surprising finding that introduc-
e
ing an Sp MeP at the scissile phosphodiester elicited a p
180-fold gain of function in transesterification by the t
R223A mutant compared to its activity at a standard s
phosphodiester. This result prompts a revised view of e
the catalytic mechanism of TopIB, whereby the require- t
ment for the catalytic arginine is principally to counter (
the negative charge developed on the transition state,
and this requirement can be alleviated when the charge t
is neutralized by other means. The catalytic arginine is e
not required for the activation of the latent nuclease a
activity triggered by the Sp MeP. These findings have a
broad implications for understanding the role of phos- b
phate electrostatics in molding an active site and dic- t
tating the outcome of enzymatic phosphoryl transfer m
reactions.esults
he Requirement for Arg223 in DNA Cleavage
s Alleviated by an Sp Methylphosphonate
e used chiral MeP-substituted DNAs to probe the in-
eractions of Arg223 with the scissile phosphodiester.
hereas a standard phosphodiester has a nominal net
harge of −1 in the ground state and −2 in the associa-
ive transition state, a MeP linkage is neutral in the
round state and would develop a charge of −1 in the
ransition state. We studied the cleavage reaction un-
er single-turnover conditions using a “suicide sub-
trate” composed of a 5# 32P-labeled 18-mer strand
ontaining a phosphodiester or a MeP at the CCCTTpA
leavage site annealed to an unlabeled 30-mer comple-
entary strand (Figure 2). Transesterification at the TpA
inkage results in covalent attachment of a 5# 32P-
abeled 12-mer (5#-pCGTGTCGCCCTTp) to the enzyme
ia Tyr274. The unlabeled 6-mer 5#-OH leaving strand
5#ATTCCC) dissociates spontaneously from the pro-
ein-DNA complex and thereby drives the reaction to-
ard the covalent state, so that the reaction can be
reated kinetically as a unidirectional process (Stivers
t al., 1994; Wittschieben and Shuman, 1997). The ap-
arent cleavage rate constant for the reaction of wild-
ype vvTopIB with an unmodified phosphodiester
ubstrate was 0.4 s−1 (Figure 1, data not shown). Trans-
sterification by the R223A mutant to the phosphodies-
er substrate was slower by five orders of magnitude
kcl = 4 × 10−6; Figure 1, data not shown).
Wild-type vvTopIB reacted with the Sp MeP substrate
o form a covalent DNA-(3#-methylphosphonate)-
nzyme adduct, which was then hydrolyzed to liberate
free 12-mer DNA strand (Figure 2). The hydrolysis re-
ction was efficient (w90% of the input 18-mer strand
eing converted to the free 12-mer in 60 min) and rela-
ively rapid, attaining 50% of the endpoint in under 15
in. The data were fit using the CKS kinetic simulationprogram (version 1.0; IBM Corp., San Jose, CA) to a
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515Figure 2. Kinetic Profile of the Reaction of Wild-Type Topoisomerase and Arg223 Mutants with Methylphosphonate-Substituted DNAs
The 18-mer/30-mer suicide substrate is illustrated at the bottom left of the figure. The 18-mer scissile strand was 5# 32P-labeled (•). See text
for discussion of the single-turnover reaction mechanism. Transesterification reaction mixtures contained 18-mer/30-mer DNA substrate with
an Sp or Rp methylphosphonate at the 5#-CCCTTpYA cleavage site (denoted by “p”) and wild-type (WT) topoisomerase or the R223A or
R223K mutants. Aliquots were withdrawn at the times specified. The abundance of the covalent DNA-(3#-MeP)-enzyme adduct (C) and the
free 12-mer DNA (B), expressed as the percent of total 32P-label in each species, is plotted as a function of time.unidirectional two-step reaction mechanism with trans-
esterification and hydrolysis rate constants of 0.0014
s−1 and 0.007 s−1, respectively (Figure 1). These values
were in good agreement with the kinetic data reported
previously for this reaction (Tian et al., 2003). Note that
the Sp MeP modification accelerated the hydrolysis re-
action by a factor of 30,000 compared to the previously
determined rate constant of 2.2 × 10−7 s−1 for hydrolysis
of standard DNA-3#-phosphotyrosyl linkage (Figure 1).
We next examined the reaction of the R223A mutant
with the Sp MeP-modified DNA. Our hypothesis was
that catalysis by Arg223 entails contact with one of the
nonbridging oxygens (either pro-Sp or pro-Rp), in
which case the elimination of the oxygen contact by
MeP substitution should have little or no impact on the
slow rate of transesterification by R223A, whereas elim-
ination of the “uninvolved” oxygen by MeP modification
might strongly exacerbate the catalytic defect of
R223A. This model was engendered by our earlier find-
ings concerning the combined effects of eliminating the
catalytic histidine and introducing MeP substitutions at
the cleavage site (see Figure 1) (Tian et al., 2003). In
that case, the H265A mutation phenocopies the effects
of the Sp MeP and there was no additive effect of com-
bining the H265A mutation with the Sp MeP modifica-
tion, whereas combining the H265A mutation with the
Rp MeP modification did elicit additive effects in sup-
pressing the rate of DNA cleavage.
To our surprise, we found here that the Sp MeP modi-
fication strongly stimulated the cleavage reaction ofR223A compared to the phosphodiester control. The
kinetic profile of the reaction of R223A with the Sp MeP
suicide substrate is shown in Figure 2 and is remarka-
bly similar to that of wild-type vvTopIB on the same
substrate. The reaction attained an endpoint at 2 hr
with 97% of the input 18-mer hydrolyzed to 12-mer; the
covalent intermediate accumulated transiently, com-
prising 14% of the total labeled material at 10 min and
declining thereafter (Figure 2). From a kinetic simula-
tion, we derived transesterification and hydrolysis rate
constants of 0.0007 s−1 and 0.0035 s−1, respectively
(Figure 1). The value for kcl by R223A on the Sp MeP
was 180-fold faster than on a standard phosphodiester
and was within a factor of two of kcl of wild-type
vvTopIB on the Sp MeP-modified scissile strand. Note
that there is an upper limit constraint on the gain of
function conferred by the Sp MeP on R223A, reflecting
the loss of the catalytic power contributed by contacts
between the pro-Sp oxygen and His265. Therefore, to
a first approximation, the requirement for Arg223 is alle-
viated almost entirely by the Sp MeP modification. Loss
of Arg223 had little effect (2-fold) on the rate of hydroly-
sis of the Sp MeP suicide substrate.
Mutation of Arg223 to Lysine Restores Cleavage
at a Phosphodiester but Has No Salutary Effect
on Cleavage at an Sp Methylphosphonate
Conservative replacement of Arg223 by lysine elicited
a 2000-fold gain of transesterification activity at a phos-
phodiester linkage (kcl = 0.009 s−1) compared to the
Structure
516R223A mutant (Figure 1 and data not shown). This re- t
isult indicates that positive charge on the side chain
suffices for most, though not all, of the catalytic power w
aderived from Arg223. The striking finding was that the
conservative R223K change had no beneficial effects m
oon the cleavage of the Sp MeP DNA. The kinetic profile
of the reaction of R223K with the Sp MeP suicide sub- u
strate is shown in Figure 2. The reaction attained an
endpoint at 4 hr with 97% of the input 18-mer hy- t
fdrolyzed to 12-mer; the covalent intermediate accumu-
lated transiently, comprising 6% of the total labeled t
ematerial at 10–20 min and declining thereafter (Figure
2). From a kinetic simulation, we estimated transesteri- i
Afication and hydrolysis rate constants of 0.0003 s−1 and
0.003 s−1, respectively (Figure 1). This value for kcl of s
pR223K was about one-half of kcl of R223A on the Sp
MeP-modified scissile strand. The khydrol values for w
R223K and R223A with the Sp MeP substrate were
nearly identical. E
We interpret these results as follows. The gain of R
function of R223K versus R223A at a standard phos- T
phodiester linkage highlights the critical role of an elec- v
trostatic interaction between the positively charged ca- u
talytic arginine and the negatively charged transition t
state (with a predicted charge of −2). The Sp MeP sub- n
stitution neutralizes the ground state and reduces the a
negative charge in the transition state (to −1), thereby m
circumventing the strict requirement for Arg223 to c
buffer the extra negative charge in the transition state. c
We see no further gain-of-cleavage function by R223K t
versus R223A at the Sp MeP, because the change in s
DNA electrostatics imparted by the Sp MeP suffices to c
confer the optimum cleavage of the Sp MeP linkage a
absent the arginine catalyst. d
a
fEffects of Arg223 Mutations on Cleavage
and Hydrolysis of an Rp Methylphosphonate (
bThe kinetic profile of the hydrolysis of an Rp MeP sui-
cide substrate by R223A is shown in Figure 2. The ex- c
itent of hydrolysis of the Rp substrate (w90%) was sim-
ilar to that of the Sp diastereomer; however, the rate of s
CRp hydrolysis was obviously much slower than the Sp
reaction (note that the x axis scale for the Rp experi- l
ement is in hours, not minutes). Hydrolysis of the Rp
DNA was complete after 7 to 8 days and reached 50% m
dof the endpoint in w2.5 days (compared to w20 min
for cleavage of the Sp DNA by R223A). Nonetheless, (
swe detected substantial accumulation of the covalent
intermediate, which comprised 15% of the total labeled M
iDNA at 24 hr and declined steadily thereafter (Figure 2).
From a kinetic simulation, we estimated transesterifica- (
tion and hydrolysis rate constants of 5 × 10−6 s−1 and
1.5 × 10−5 s−1, respectively (Figure 1). Thus, the Rp MeP e
vfailed to elicit the gain-of-cleavage activity seen with
the Sp MeP, the net effect being that the rate of cleav- t
mage by R223A on the Rp MeP was nearly identical to
its rate of cleavage at a phosphodiester (Figure 1). It is F
anotable that the observed rate of cleavage of the Rp
MeP by R223A was slower by a factor of 20 than the c
srate of Rp MeP cleavage by wild-type vvTopIB (re-
ported previously to be 1.1 × 10−4 s−1) (Figure 1). Even r
smore dramatic was the 230-fold reduction in the rate of
hydrolysis of the Rp MeP substrate by the R223A mu- kant, compared to its hydrolysis of the Sp MeP-contain-
ng DNA (Figure 1). The reaction of the R223K mutant
ith the Rp MeP substrate remained extremely slow,
s shown in Figure 2. From a kinetic simulation, we esti-
ated transesterification and hydrolysis rate constants
f 2.2 × 10−6 s−1 and 2.8 × 10−5 s−1, respectively (Fig-
re 1).
These results show that, whereas charge neutraliza-
ion via Sp MeP substitution alleviates the requirement
or Arg223 during both cleavage and hydrolysis, the in-
roduction of an Rp MeP (which should have the same
ffects on net charge) results in a kinetically significant
nterference effect that depends on the absence of
rg223. In other words, the loss of Arg223, or its con-
ervative replacement by lysine, creates a need for the
ro-Rp oxygen that is not there during catalysis by
ild-type topoisomerase.
ffects of a MeP Linkage on the DNA
ejoining Reaction
he activation of the latent endonuclease activity of
vTopIB by MeP substitution was readily detectable
sing a suicide substrate. In this experimental situation,
he water nucleophile for the hydrolysis reaction (nomi-
ally at w55 M concentration) is not in competition with
5#-OH DNA strand for rejoining to the covalent inter-
ediate, because the short 5#-OH leaving strand disso-
iates from the TopIB-DNA complex after cleavage oc-
urs. To gain an appreciation of the effect of a MeP on
he DNA religation reaction, we synthesized a 30-mer
cissile strand containing 12-nucleotides 5# of the
leavage site, 18-nucleotides 3# of the cleavage site,
nd an Sp MeP linkage in lieu of the scissile phospho-
iester. The 30-mer Sp MeP strand was 5# 32P-labeled
nd annealed to a complementary 30-mer strand to
orm an equilibrium cleavage substrate for vvTopIB
Figure 3). We refer to this as an equilibrium substrate
ecause the 18-mer leaving strand generated upon
leavage at CCCTT remains associated with the topo-
somerase-DNA complex via base pairing to the non-
cissile strand. At the saturating enzyme level where all
CCTT sites are occupied, the topoisomerase estab-
ishes a cleavage-religation equilibrium. The observed
quilibrium constant (Kcl) for transesterification to a 30-
er duplex containing a standard scissile phospho-
iester, calculated as the % covalently bound DNA/
100 − % covalently bound DNA), is 0.33 (data not
hown). When the 30-mer duplex contains a scissile
eP linkage, the reversible DNA religation reaction is
n competition with the irreversible hydrolysis reaction
Figure 3).
The kinetic profile of the reaction of vvTopIB with the
quilibrium Sp MeP substrate is shown in Figure 3. Co-
alent intermediate comprised 5.2% to 5.3% of the to-
al labeled DNA at 2–5 min, at which time the free 12-
er hydrolysis product had not begun to accumulate.
rom the peak level of covalent adduct, we calculated
n equilibrium constant Kcl of 0.056. The observed rate
onstant kobs for the approach to equilibrium was 0.062
−1. Given that Kcl = kcl/krel and kobs = kcl + krel, we de-
ived cleavage and religation rate constants of 0.0033
−1 and 0.059 s−1, respectively. Note that the value for
at the Sp MeP of the equilibrium substrate was incl
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517Figure 3. Reaction of Topoisomerase with an
Equilibrium Cleavage Substrate Containing
an Sp Methylphosphonate Linkage
The 30-mer/30-mer equilibrium substrate is
shown at the left. The 30-mer scissile strand
was 5# 32P-labeled (•). See text for discus-
sion of the reversible equilibrium cleavage
reaction and the irreversible hydrolysis reac-
tion. The transesterification reaction mix-
tures contained 15 nM DNA substrate with
an Sp MeP at the 5#-CCCTTpYA cleavage
site (denoted by “p”) and 100 nM wild-type
vvTopIB. Aliquots were withdrawn at the
times specified. The abundance of the cova-
lent DNA-(3#-MeP)-enzyme adduct (C) and
the free 12-mer DNA (B), expressed as the
percent of total 32P-label in each species, is
plotted as a function of time.good agreement with the rate constant determined on
the suicide substrate (Figure 1).
Because the transesterification reaction occurs with in-
version of configuration at the phosphorus being attacked
(Stivers et al., 2000), the DNA-(3#-MeP)-enzyme complex
that is the substrate for religation and hydrolysis will be
of opposite chirality (Rp) relative to the starting Sp MeP
DNA. The apparent krel for the MeP covalent intermedi-
ate of 0.059 s−1 was approximately one-twentieth of the
krel value determined for religation by the covalent TopIB-
DNA intermediate formed at a standard phosphodiester
(Wittschieben and Shuman, 1997). This result shows that
DNA religation chemistry does not strictly depend on
ionic interactions with the nonbridging phosphate oxy-
gens of the covalent intermediate in the ground state
or the obligate presence of two negative charges on
the transition state. Also, krel for the MeP covalent inter-
mediate of 0.059 s−1 was 8.5-fold faster than the rate
constant for hydrolysis of the suicide DNA-(3#-MeP)-
enzyme intermediate. Thus, the differential efficiency of
water versus 5#-OH DNA as a nucleophile for attack on
the DNA-(3#-MeP)-enzyme is less than an order of mag-
nitude.
We observed that the free 12-mer hydrolysis product
accumulated steadily at later times during the reaction
of vvTopIB with the MeP equilibrium substrate (Figure
3). We simulated the data to the mechanism depicted
in Figure 3, using the above values of kcl and krel, and
thereby estimated a hydrolysis rate constant of 0.0001
s−1. This value is slower by a factor of 70 than the rate
of hydrolysis of the suicide MeP intermediate. These
results indicate that retention of the 5#-OH DNA termi-
nus of the leaving strand in the active site immediately
following cleavage impedes the access of water to the
DNA-(3#-MeP)-enzyme adduct.
Access to the Active Site Determines the Balance
between DNA Religation and Hydrolysis
In order to provide a more even playing field for the
DNA and water nucleophiles, we used a variant of the
18-mer/30-mer Sp MeP suicide cleavage substrate in
which a molar excess of an 18-nucleotide 5#-OH DNA
oligonucleotide complementary to 5# single-stranded
tail of the suicide intermediate is added to the reaction
mixture prior to the addition of vvTopIB. The 5#-OH 18-mer terminus can productively enter the active site of
the covalent intermediate only after the 6-nucleotide
leaving segment of the MeP scissile strand dissociates
from the DNA-enzyme complex. Thus, the incoming
DNA strand is initially competing with water for access
to the active site. The kinetic profile of the formation of
the 30-mer religation product and the 12-mer hydrolysis
product is plotted in Figure 4. The initial rate of the reli-
gation reaction was 13-fold faster than the initial rate
of hydrolysis. Thus, water fares relatively better when
the DNA 5#-OH nucleophile is not preestablished at the
active site.
It is expected that the system will establish a cleav-
age-religation equilibrium after the input CCCTT strand
is cleaved and the incoming 5#-OH strand anneals to
the nonscissile strand. We found that the religated 30-
mer and the covalent intermediate comprised 59% and
3.8% of the total labeled DNA, respectively, at the 120
min time point (Figure 4 and data not shown). From
these values, we estimated a Kcl of 0.06, which agrees
well with the value of 0.056 estimated from the data in
Figure 3.
Discussion
Topoisomerase IB is an excellent case study of the
power of methylphosphonates to illuminate an enzyme
mechanism. The transesterification chemistry is inde-
pendent of a metal cofactor and catalysis is presumed
to entail interactions between amino acids of the en-
zyme and the phosphate oxygens of the transition state
(Figure 5). Our previous finding that MePs unmask a
latent hydrolytic activity of TopIB drew attention to the
role of electrostatic repulsion of water by the phos-
phate anion in ensuring that topoisomerase acts a
guardian of genome stability, rather than an agonist of
DNA breakage, should the enzyme become trapped co-
valently on DNA (Tian et al., 2003). The new studies
here of the effects of scissile methylphosphonates on
wild-type and mutated versions of vvTopIB engender-
additional insights to the catalytic mechanism and the
balance between DNA hydrolysis and DNA strand
transfer.
Our previous studies using MeP-substituted suicide
cleavage substrates provided a putative upper limit
Structure
518Figure 4. DNA Religation by the Covalent DNA-(3#-MeP)-Topoisomerase Intermediate Is Faster Than DNA Hydrolysis
The 18-mer/30-mer suicide substrate is illustrated at the top right of the figure. The 18-mer scissile strand was 5# 32P-labeled (•). Addition of
a molar excess of unlabeled 18-mer strand prior to topoisomerase allows the formation of the three-stranded flap structure shown at top
right. After transesterification of the enzyme to the Sp MeP linkage (p), the enzyme can either transfer the covalently held 32P-labeled 12-mer
strand to the 5#-OH 18-mer to form a 30-mer strand (religation) or to water to form a free 12-mer with a 3#-MeP terminus (hydrolysis). Ultimately
the system attains a cleavage-religation equilibrium between the 30-mer and the covalent adduct, which can itself undergo hydrolysis, albeit
slowly (e.g., Figure 2). The transesterification reaction mixtures contained 15 nM suicide DNA substrate with an Sp MeP and 100 nM wild-
type vvTopIB. Aliquots were withdrawn at the times specified. The abundance of the religated 30-mer (■) and the free 12-mer DNA (B),
expressed as the percent of total 32P-label in each species, is plotted as a function of time.phosphodiester attests to the lack of a requirement for v
p
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gFigure 5. Model of the Transition State of the Cleavage Transesteri-
vfication Reaction
aAn associative transition state is depicted with the attacking Tyr274
nucleophile apical to the leaving 5#-O DNA strand. Stereospecific v
MeP effects on cleavage suggest that His265 and Arg223 contact t
the pro-Sp oxygen. Gain-of-function effects elicited by a bridging t
5#-S modification implicate Arg130 and Lys167 as general acid cat- r
alysts of DNA leaving group expulsion. The order of the proton-
mrelay mechanism (Arg/Lys/5#-O versus Lys/Arg/5#-O) is not
testablished. In addition, Arg130 is proposed to stabilize the transi-
tion state via contact with the pro-Rp oxygen (see Figure 6A). ovalue for the hydrolysis rate constant when water at- i
otacks the covalent intermediate unfettered by either a
charge on the phosphate or a competing 5#-OH DNA e
sstrand. Here we gained the first appreciation of the ef-
fects of an Sp MeP linkage in the starting substrate (i.e., u
wan Rp MeP in the covalent intermediate) on the rate of
the DNA religation step. The relatively modest (20-fold) t
tdifference between DNA religation at a MeP versus aonic interactions between TopIB and the nonbridging
xygens in the ground state or for the obligate pres-
nce of two negative charges on the phosphorane tran-
ition state. The remarkable finding was that the rate of
nfettered hydrolysis of the MeP covalent intermediate
as within a factor of ten of the rate of DNA religation
o the MeP covalent intermediate. This contrasts with
he 5,000,000-fold difference in the rates of hydrolysis
ersus DNA religation by the covalent intermediate at a
hosphodiester linkage (Figure 1). We envision that
NA religation is not impeded by the phosphate anion
ecause the DNA 5#-OH (unlike water) is optimally
ligned at the active site by virtue of base pairing of the
NA polynucleotide to the nonscissile strand.
We find here that the hydrolysis rate is strongly sup-
ressed when water and 5#-OH DNA compete for the
eP covalent intermediate. The disparity between hy-
rolysis and religation is greatest when an equilibrium
leavage substrate is used, i.e., when the 5#-OH DNA
ucleophile occupies the active site immediately after
ach cleavage event. Simple steric hindrance of water’s
ccess by DNA would explain the findings. Water does
etter on the three-stranded flap substrate, when the
hort 5#-OH leaving strand must dissociate before a
ew 5#-OH DNA acceptor strand can access the active
ite.
The finding that the Sp MeP elicits a nearly 200-fold
ain of cleavage function by the R223A mutant pro-
ides compelling evidence that the principal role of the
rginine is to neutralize the extra negative charge de-
eloped in the transition state (Figure 5). Gain of func-
ion of a catalytically defective enzyme by a modifica-
ion of the substrate is the exception rather than the
ule, and such a result is inherently more informative
echanistically than is a loss of function by modifica-
ion interference. The recovery of the cleavage activity
f R223A in response to the Sp MeP is analogous to
Mechanistic Plasticity of DNA Topoisomerase IB
519Figure 6. Arginine Interactions with the Scissile Phosphodiester
The contacts of the catalytic arginines with the scissile phosphodiester in crystal structures of human TopIB bound to duplex DNA noncova-
lently (PDB ID 1EJ9) or covalently (PDB ID 1A31) are shown in (A) and (B), respectively. Arg488 and Arg590 of human TopIB correspond to
Arg130 and Arg223 of vaccinia TopIB, respectively. The Arg223 equivalent contacts the pro-Sp oxygen in the enzyme-substrate complex (A);
the phosphorus undergoes an inversion of configuration during transesterification to form the DNA-3#-phosphotyrosine adduct (B).the recovery of cleavage at a phosphodiester when a
positively charged lysine side chain is present at posi-
tion 223 of vvTopIB. The results are consistent with the
requirement for Arg223 being dictated by DNA electro-
statics. Our findings that the Arg223 mutants pay an
extra penalty in cleaving the Rp MeP substrate do not
detract from our interpretations of the gain of function
at the Sp MeP.
An explanation for the new need for the pro-Rp oxy-
gen when Arg223 is missing can be inferred from in-
spection of the arginine contacts to the scissile phos-
phodiester in the crystal structures of DNA bound
human TopIB, captured either as the noncovalent en-
zyme-DNA complex (by mutating the Tyr nucleophile to
Phe, Figure 6A) or the covalent DNA-3#-phosphotyrosyl
intermediate (Figure 6B) (Redinbo et al., 1998, 2000).
The arginine that corresponds to Arg223 of vvTopIB
contacts the pro-Sp oxygen in the noncovalent com-
plex. The phosphorus center undergoes inversion dur-
ing the transesterification reaction, such that the same
oxygen contacted by Arg223 in the covalent adduct is
now in the pro-Rp configuration (Figure 6B). The argi-
nine equivalent to Arg130 of vvTopIB contacts the pro-
Rp oxygen in the noncovalent substrate complex.
Arg130 is required for expulsion of the 5#-O leaving
group during transesterification (Krogh and Shuman,
2002b) and indeed this arginine is seen contacting the
O5# atom in the crystal structure (Figure 6A). Note that
the Arg130 and Arg223 equivalents make contact to
each other via their terminal guanidinium nitrogens in
both the noncovalent and covalent DNA complexes
(Figure 6). Thus, the essential catalytic residue Arg130
is held in position by virtue of contacts to both the pro-
Rp oxygen and Arg223. The 3600-fold decrement in kcl
by the wild-type vvTopIB caused by the Rp MeP linkage
(Figure 1) likely reflects the disruption of the contact to
Arg130. (Note that the magnitude of the Rp MeP inter-
ference with cleavage by wild-type vvTopIB is less thanthe 105 catalytic penalty caused by mutating Arg130 to
alanine [Wittschieben and Shuman, 1997].) When an Rp
methyl group is present, the positioning of Arg130 be-
comes acutely dependent on its interaction with
Arg223. Therefore, mutation of Arg223 exacerbates the
deleterious effect of the Rp MeP. When the Sp methyl
group is present, the contact with the pro-Rp oxygen
suffices to position Arg130 in the absence of Arg223,
and we are able to see the gain of function of the R223A
mutant caused by charge neutralization.
We now have documented three instances of such
gains of function for vvTopIB. In the first case, the cata-
lytic defects of Lys167 and Arg130 mutations were res-
cued by introduction of a 5#-bridging phosphorothio-
late linkage at the cleavage site because the lower pKa
of the 5#-S leaving group bypassed the requirement for
general acid catalysts (Krogh and Shuman, 2000,
2002b). Second, MeP linkages activated the latent en-
donuclease activity for reasons discussed above. As
noted previously (Tian et al., 2003) and reprised in Fig-
ure 1, the activation of the hydrolysis reaction by the
Sp MeP substrate did not depend on His265. Here we
find that activation of hydrolysis of the Sp MeP also
does not require Arg223. Hydrolysis of the Rp MeP-
containing substrate is suppressed by the Arg223 mu-
tations; this result underscores the theme that the MeP
hydrolysis reaction is catalyzed by TopIB. By the same
reasoning applied above, we suspect that the combina-
tion of the Rp MeP and the loss of Arg223 affects the
ability of Arg130 to function in a proton relay that with-
draws a proton from the nucleophilic water and thereby
promotes its attack on the covalent intermediate.
The third present instance of a gain of a function of
the Arg223 mutants by neutralization of charge on the
scissile phosphate is, to our knowledge, without prece-
dent in phosphoryl-transfer enzymology. The result em-
phasizes electrostatics over specific contacts to one
or both of the nonbridging oxygens. Given the heavy
Structure
520Creliance on arginine and lysine functional groups as
vcomponents of the active sites of phosphotransfer-
eases, we suspect that this theme is underexplored.
GCombining MeP modifications with protein mutations
I
provides a powerful method to identify cases where f
this catalytic strategy applies. 6
H
Experimental Procedures t
p
DNA Substrates
K
Oligonucleotides containing single isomerically pure Sp or Rp
t
methylphosphonates were synthesized and purified as described
Kpreviously (Gao et al., 2004; Tian et al., 2003, 2004). The CCCTT-
scontaining scissile strands were 5# 32P-labeled by enzymatic phos-
1phorylation in the presence of [γ-32P]ATP and T4 polynucleotide
Kkinase. The labeled scissile-strand oligonucleotides were gel puri-
gfied and annealed to a 4-fold molar excess of an unlabeled 30-
2mer complementary oligonucleotide (containing a 5#-PO4 terminus
introduced during chemical synthesis). P
f
Vaccinia Topoisomerase i
Recombinant vaccinia topoisomerase was produced in E. coli R
(BL21) by infection with bacteriophage λCE6 and then purified to W
apparent homogeneity from the soluble bacterial lysate by phos- l
phocellulose and Source S-15 chromatography steps. Protein con- 1
centration was determined by using the dye binding method (Bio-
R
Rad) with bovine serum albumin as the standard.
s
t
DNA Cleavage and Hydrolysis 6
Reaction mixtures containing (per 20 µl) 50 mM Tris-HCl (pH 7.5),
S0.3 pmol 18-mer/30-mer DNA (suicide substrate) or 30-mer/30-mer
tDNA (equilibrium substrate), and 75 or 150 ng (2 or 4 pmol) of mu-
Stant or wild-type vvTopIB were incubated at 37°C. Aliquots (20 µl)
pwere withdrawn at the times specified and quenched immediately
with SDS (0.5% final concentration). The products were digested S
for 1 hr at 37°C with 10 µg proteinase K. The mixtures were then b
adjusted to 47% formamide, heat denatured, and analyzed by elec- 1
trophoresis through a 17% denaturing polyacrylamide gel contain- S
ing 7 M urea in TBE (90 mM Tris-borate, 2.5 mM EDTA). The reac- a
tion products were quantified by scanning the gel with a Fujifilm i
BAS-2500 imager. 1
S
DNA Religation and Hydrolysis t
A reaction mixture containing (per 20 µl) 50 mM Tris-HCl (pH 7.5), o
0.3 pmol of the 32P-labeled 18-mer/30-mer suicide substrate, 15 3
pmol of a 5# hydroxyl-terminated 18-mer strand d(ATTCCGATAGT
SGACTACA), and 2 pmol of vvTopIB were incubated at 37°C. Ali-
Squots (20 µl) were withdrawn at the times specified and quenched
Simmediately with SDS (0.5% final concentration). The products
twere proteolyzed, denatured, and resolved by electrophoresis as
Tdescribed above. The reaction products were quantified by scan-
ining the gel.
p
1
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